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Abstract
Droplet microfluidics, which involves micrometer-sized emulsion droplets on a microfabricated
platform, is an active research endeavor that evolved out of the larger field of microfluidics.
Recently, this subfield of microfluidics has started to attract greater interest because researchers
have been able to demonstrate applications of droplets as miniaturized laboratories for biological
measurements. This perspective explores the recent developments and the potential future
biological applications of droplet microfluidics.
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1. INTRODUCTION
Today’s chemical research is moving at a fast pace. Chemical analyses are expected to be
rapid as well as accurate, cost-effective, reliable, and sensitive. One way of meeting these
expectations has been to exploit microfluidics, which can be defined as fluidic applications
that are on the scale of micrometers or smaller and are based on modern microfabrication
methods. 1, 2 For over 20 years, microfluidics has been a thriving research field. 3 The field
is driven by great expectations because it manipulates reaction volumes of nanoliters or less
inside channels that are often narrower than the width of a human hair. By doing so,
microfluidics reduces costs and consumption of reagents and samples, cuts the time spent on
experiments, and increases sample throughput. It also increases accuracy, reliability and
sensitivity of experiments. 4, 5

Droplet microfluidics emerged from microfluidics. It uses immiscible phases to create
emulsions of monodisperse droplets that act as reaction and transport vehicles 6. Emulsions
and droplets on the macroscale have long been a part of scientific studies, most famously by
Lord Rayleigh in the 19th century who investigated the formation of droplets from liquid
jets. 7 Droplet generation on the microscroscale had to wait for the emergence of
microfluidics; the first studies of droplet breakup in microfluidic devices were reported in
the early 2000’s 8, 9. The advantage of generating microscale droplets over the macroscale
ones is the larger surface-to-volume ratio. The change in surface-to-volume ratio and the
small length scale has a strong impact on mass and heat transfer, often allowing a significant
increase in reaction kinetics in comparison to reactions on larger scales due to faster mixing,
an advantage that is also generally applicable to microfluidics as a whole. However,
microdroplets are dispersed in an immiscible phase, which isolates the aqueous droplet from
its environment. This effectively creates self-contained microreactors. These individual
microreactors allow researchers to conduct massively parallel studies of minute changes in
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reaction conditions by gradually changing the composition of the droplets during their
formation. Furthermore, the small size of the droplets minimizes reagent volumes, thus
dropping costs of the experiments. Compared to other emulsification techniques in bulk
(e.g., shear emulsion in a beaker), generating droplets in microfluidic systems has the
advantage of creating monodisperse sample volumes at the expense of lower volumetric
throughput, because in most cases droplets are made in a serial fashion. This expense,
however, is justified in droplet microfluidics, as the control over droplet size and size
distribution improves control over reaction conditions and improves accuracy and tunability
of conditions. As a result, droplet microfluidics is becoming increasingly appealing for
chemical and biological studies which require great sensitivity.

Like its parent field, droplet microfluidics has shown similar hype cycles of expectations
and challenges, although at an even faster pace. Rapid advances in the fundamental studies
of droplet microfluidics showed potential applications in biological fields, such as cell
biology. The expectations of droplet microfluidic applications to cutting-edge research
areas, such as single-cell studies, often created new questions and required the development
of new technologies (e.g., miniaturizing conventional bulk assays to nanoliter-sized sample
volumes, while maintaining efficiency and sensitivity). In this sense, the field of droplet
microfluidics is often at the forefront of the current technology limits. The success of droplet
microfluidics as a versatile and powerful tool in biology is reflected in the successes of
commercialized droplet-based assays. Companies like Bio-Rad Laboratories and Raindance
Technologies are at the forefront of providing biological and clinical diagnostics tools based
on droplet microfluidics.

Here, we will take a look at the field of droplet microfluidics and provide a perspective of
where the field currently is and how it may develop. Other sub-fields have emerged from
microfluidics over the years, including digital microfluidics, optofluidics, and paper
microfluidics, but these are beyond the scope of this perspective article. The interested
reader is referred to the numerous well-written reviews that cover these topics10–16.

2. SYSTEMS FOR DROPLET GENERATION
The central tenet of droplet microfluidics is the formation of droplets of precise volume and
composition. These droplets can span three orders of magnitude in diameter (i.e., from
hundreds of nanometers to hundreds of micrometers) and require an immiscible phase for
their creation. The immiscibility of the droplets with the surrounding phase makes them self-
contained microreactors, with limited loss of sample and limited potential for cross-
contamination with reagents from the surrounding phases. The size of these droplets is ideal
for applications requiring heating or cooling because the large surface area of the droplets
with respect to the volume allow for fast heat transfer. In addition, microdroplets are ideal
reaction vessels for biological studies because they are similar in size to cells and can be
readily assessed by optical microscopy. Moreover, the small size of the droplets allows
researchers to perform thousands of individual reactions with a few microliters of sample.

There are a variety of methods to generate droplets on microfluidic platforms, most of which
can be classified as dynamic systems that rely on steady-state droplet generation. Two
dynamic systems are the plug generation at T-junctions 17 and the droplet generation by
hydrodynamic flow focusing 18 (Fig. 1a & 1b). The fluids used in these systems are
typically driven by syringe pumps, but other approaches have been used to drive fluids,
including the use of compressed air, applying a vacuum, or using centrifugal forces. 19

Sample manipulation in these systems happens in continuous flow, which is appealing for
high-throughput applications where millions of monodisperse microdroplets can be
generated per second.
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The concepts for sample handling are often developed as modular systems, where each
module performs a specific task, such as droplet mixing20, splitting/fusion 21, 22,
shrinking 23, freezing 24, or droplet analysis by microscopic and spectroscopic methods.
Depending on the microfluidic application, these modules are serially arranged to make a
lab-on-a-chip device. The droplet generation and manipulation directly coupled to droplet
processing is ideal for high sample throughput, with thousands of droplets generated,
processed, and analyzed per second. Because these droplets flow through the micrometer-
sized channels at speeds on the order of mm/s to m/s, challenges arise when the number of
generated droplets cannot be processed at the same rate in subsequent modules. In these
cases, the direct coupling of different modules can negatively impact the robustness of the
system and constrain the utility of the device.

There are applications that do not require large sample throughput but need greater control
over sample processing, such as processes that require seconds to minutes to complete.
Surgery on single cells is one example. 25, 26 Droplet-on-demand systems address the needs
of these applications (Fig 1c & d). These systems give precise control over droplet size and
composition at low throughput, often one droplet at a time. 27–31

3. SYSTEMS FOR DROPLET DOCKING AND STORAGE
Some applications that require a time lag between droplet generation and sample reaction
(e.g., kinetics, synthesis) 24, 33, 34 and data acquisition are often conducted in continuous
flow where there is a long microfluidic channel directly connected to the droplet generator
module. The reaction time in these cases is defined by the flow rate and the residence time
of the droplets inside the channel. Other applications, however, require better control over
droplets during processing. These include assays that require long term-storage of droplets,
such as protein crystallization and cell culture. For these cases, the direct coupling of the
droplet generation and processing modules has proven to be more challenging. Long term-
storage of samples can be achieved by segmenting the sample into plugs in a microfluidic
channel and subsequently stopping the flow, essentially immobilizing the plugs. However,
the assays conducted in these plugs often have additional requirements, such as the mixing
of samples to induce a reaction or maintaining reaction conditions. To address these
requirements, various “docking” strategies to store and handle droplets have been
developed. Droplet docking exploits physical means, such as vertical posts, bypass traps, or
side wells, to hold a droplet in place after it is generated. Variations of docking systems have
been conceived and can be classified into two groups: those that require continuous flow for
the droplets to remain docked and those that do not require flow after droplet docking is
completed. The former systems were initially developed for regular microfluidic perfusion-
based cell culture and enzyme kinetic studies. 35, 36 These methods included bypass traps
and vertical posts (Fig. 2a & b). The concept of trapping cells at vertical posts was then
applied to droplets, 37–41 and combined the advantages of dynamic systems with stationary
droplet analysis. The requirement of constant flow for the droplets to remain docked can be
exploited to remove droplets. After the droplets are docked and the subsequent analytical
steps are completed, the flow can be interrupted or reversed to clear the droplets from the
traps. For the bypass traps (Fig 2a), the droplets are stored in a spatially ordered manner that
facilitates droplet identification, analysis, and retrieval.

Other droplet-docking systems developed are based on wells placed downstream from the
droplet generator module and at the side or at the top of a main channel carrying sample
plugs. The plugs dock when they pass by the wells by changing to their least energy-
intensive shape in the form of spherical droplets (Fig. 2c & d). 42, 43 Another method for
docking droplets is to use constricted channels (Fig. 2e). 44 The droplets flow through these
constrictions but when the flow is stopped, the droplets become immobilized. All of these
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docking methods were developed for specific applications, with the intention of keeping the
droplets docked and separated from each other. Therefore, these methods required complex
channel geometries. A simplified approach for droplet storage that is less dependent on
channel geometry was later developed: A large reservoir or tube takes advantage of high
droplet density and the spherical shape of unconfined droplets for dense packing and storage
(Fig. 2f). 45, 46 This method of droplet storage mainly relies on the use of surfactants that
prevent droplets from merging. The approach is well-suited for high-throughput
applications.

Overall, the different droplet generation, docking and storage methods fulfill specific needs
and have their own advantages and disadvantages. For example, in-flow docking systems
are ideal for applications requiring sample perfusion, but demand constant flow for the
droplets to remain docked. Docking droplets in side and top wells requires no constant flow
once the docking is completed, but droplet removal from the wells can be challenging.
Droplet immobilization addresses the need for no-flow docking and potential droplet
removal, but requires precise control over droplet size to match the immobilizer module’s
geometry. Storage in large reservoirs by dense packing improves throughput, but can be
challenging for identification of individual droplets in the dense package of droplets.

However, despite the compelling methods, designs, and procedures that have been
developed so far, droplet microfluidics has had limited success in industrial applications.
The inherent challenges of combining individual modules of microfluidic droplet
manipulations are reflected in the most successful use of droplet microfluidics in
commercial applications to date: the polymerase chain reaction (PCR). PCR is a well-
established biochemical method that is used to determine the presence or absence of a
specific DNA sequence in a sample by enzymatically amplifying the target DNA sequence.
The volumes required in traditional PCR methods are on the order of microliters and the
samples need to be repeatedly heated and cooled (a process known as thermocycling) to
allow the amplification of a target sequence above a detection limit. PCR is an ideal assay
for droplet microfluidics for several reasons. The reaction volumes are reduced by several
orders of magnitude, which significantly lowers costs of reagents. The number of data sets
can be significantly increased by analyzing tens of thousands of micro-PCR results, thus
improving the statistics of the analysis. In addition, the reaction kinetics are faster in
droplets than in bulk because the mass and heat transfer is better due to the improved
surface-to-volume ratio. The transfer improvement results in better template conversion and
improves reaction efficiency.

The droplet digital PCR (ddPCR) system, originally developed by QuantaLife and now
marketed by BioRad Laboratories, initially uses dynamic droplet generation by flow-
focusing. However, the droplets are collected off-chip in Eppendorf tubes for thermocycling
and then transferred back into a chip cytometer for data acquisition and analysis. The
integration of droplet thermocycling and dynamic droplet generation was shown to be
challenging. Thermocycling of samples requires precise control over temperature and time
for the different stages of PCR. Continuous flow systems often required a feed-back control
to account for changes in temperature and residence time, depending on the flow velocity
and size of the droplets. As a result, the incorporation of heating modules in microfluidic
chips was very complex, both in terms of channel design and temperature control.
Generating the droplets on chip, collecting them in Eppendorf tubes, and subsequently
thermocycling of the droplets in traditional thermocyclers was shown to be an easier route to
commercial success.
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4. NEXT-GENERATION DROPLET PLATFORMS
A new generation of droplet microfluidics has recently begun. Earlier systems pre-formed
droplets on-chip and then deposited them elsewhere on the same chip for processing, but
these next-generation systems form and store droplets simultaneously on the same site.
Because the droplet size is determined by the storage chamber geometry, these systems
provide a greater tunability over droplet volumes and this simplifies the equipment needed
to generate droplets. For example, the geometries of the microfluidic chambers influence the
droplet formation and digitization, which is different from the older dynamic droplet
generators which are dominated by flow rates of the immiscible phases. The new generation
of devices is preferentially wetted by the oil phase, thus maintaining many of the favorable
properties of droplet-based systems, such as interfacial control, while utilizing some of the
favorable features of geometry-induced digitization.

Two next-generation systems include the SlipChip (Fig. 3a)47, 48 and the self digitization
(SD) chip (Fig. 3b). 49, 50 While they share many features in common, the actual
mechanisms of droplet formation and digitization are unique to each. The SlipChip consists
of two separate plates, each containing a pattern of wells and ducts. The plates are aligned
under oil, which eliminates air bubbles, pre-wets the device surface, and serves as a
lubricating layer to help controlled slipping of the plates relative to each other. In one
alignment, there is a fluidic path for the aqueous solution to enter (under simple air pressure/
actuation) and fill the main fluidic path while oil drains out between the two plates. The
device is then slipped to a new alignment that isolates the wells and creates digitized
droplets. One unique feature of this system is the ability to perform multistep processes.

The SD chip consists of an array of chambers connected by a continuous channel network.
The entire device is pre-filled with oil, and the aqueous solution is loaded using simple air
pressure/actuation. The geometry of the device and interfacial properties of the aqueous
solution spontaneously drives the aqueous solution into the side chambers. After the aqueous
solution is loaded, more oil flows in to isolate the wells from each other, thus digitizing the
aqueous droplets. This system does not require moving parts, is capable of achieving very
high well density, and allows filling of the aqueous sample without any loss.

5. BIOLOGICAL APPLICATIONS
Droplet microfluidics are now overcoming the initial challenges for commercial success,
most prominently in the form of digital PCR. 51, 52 Droplet digital PCR (ddPCR) is currently
marketed by Bio-RAD Laboratories (Fig. 4) and Raindance Technologies. Both systems use
dynamic droplet generation to create monodisperse droplets but carry out the PCR
thermocycling step off-chip. The final analysis of the PCR products is conducted in a
microfluidic channel. Commercial ddPCR systems are being more accepted by the research
community because they are a powerful tool for studies on biomarkers. 53, 54 A similar
approach, although not commercialized yet, is a microfabricated emulsion generator array
(MEGA) chip 55 which uses pneumatic systems to create nanoliter droplets. Like the
commercial ddPCR systems, droplets generated by the MEGA system are thermocycled off-
chip and subsequently analyzed in a conventional flow cytometer.

The current application of the SlipChip and SD Chip is droplet-based PCR. In contrast to the
methods mentioned earlier, these systems allow droplet generation, cycling, and analysis on
the same chip without the need to transfer samples or use complex valving systems. If the
chip is appropriately designed, the data read-out can be done by conventional plate readers.
This capability, combined with the simplicity of droplet generation, may be advantageous
for biomedical researchers who are not experts in microfluidics. These systems recently also
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have been shown to be versatile and powerful tools for multiplex PCR 56, 57 and digital
loop-mediated DNA amplification (dLAMP). 50, 58

There is growing interest in using droplet microfluidics as a pre-sampling tool for molecular
analyses and screening by mass spectrometry, in particular in combining droplet
microfluidics with electrospray ionization to improve sample transfer into the mass
spectrometer. 59–63 These studies are currently at the proof-of-concept stage and improving
the sensitivity of the droplet systems for mass spectrometry is part of ongoing efforts.

The potential for droplet microfluidics to be a powerful tool for single-cell studies has been
shown with demonstrations of single-cell screening assays. 64, 65 These assays can be used
to produce monoclonal antibodies from individual hybridoma cell clones. 66

Other applications of droplet microfluidics include the analysis of protein-crystal
growth 42, 49, 67 and enzyme kinetics 43, 68, as well as studies of directed evolution by in
vitro selection. 69 There are also applications in small-molecule synthesis in
microdroplets 70 and drug discovery. 71, 72

Droplet microfluidics has broad applicability in various fields of biomedical research. More
applications have been presented and are beyond the scope of this perspective article. The
interested reader is referred to comprehensive reviews on droplet microfluidics. 73–77

6. OUTLOOK
We presented a perspective view of the current developments in the field of droplet
microfluidics, which is going through a rapid expansion. Droplet microfluidics has much to
offer but also there are many challenges to overcome, especially in the development of
robust, easy-to-use, and cost effective devices that will be employed routinely by the
biomedical research and clinical community. At present, the steady state methods used for
generating droplets in a high-throughput fashion cannot be easily adapted to making droplet
streams with entirely different contents (e.g., not a gradient of a given content), but such a
capability will advance this area. Additionally, while many droplet manipulation techniques
have been developed thus far, the dominant approach to analyzing the contents of droplets
still relies on fluorescence due to its ability to detect a few molecules in each droplet in a
high-throughput fashion 78. This field will greatly benefit from other methods of droplet
analysis that can offer comparable sensitivity and throughput as fluorescence, especially
ones that can offer more chemical information 61–63.

Droplet digital PCR represents one platform that has now crossed the divide between proof-
of-concept academic research and a commercial product. However, ddPCR utilizes only a
fairly basic and rudimentary capability offered by droplet microfluidics: microchannels are
used mostly to form monodispersed droplets that do not coalesce in an Eppendorf tube.
Future commercial products that utilize more sophisticated droplet microfluidic
manipulations will offer new capabilities for the biomedical community, but these new tools
will have to address issues of robustness and crosstalk in coupling different droplet
manipulation modules as well as ease of use and cost. The next generation droplet platforms
appear promising, but given the many potential failure points in crossing the divide between
proof-of-concept experiments and a robust device that will be widely adopted by non-
technologists, it is still too early to determine their chances of success. The intense interest
and effort devoted to advancing this field and the success this field has already enjoyed over
a relatively short period signals the high expectation and promise droplet microfluidic holds
and the broad and lasting impact it may make in shaping how future experiments are
performed in biomedical research.
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Figure 1.
Dynamic droplet generation at (a) a T-junction and (b) by flow focusing. Reprinted with
permission from reference 32. Copyright 2006, American Instiute of Physics. (c) Droplet-
generation-on-demand based on electric fields. Reprinted (adapted) with permission from
reference 29. Copyright (2005). (d) Other droplet-on-demand systems are based on pressure
using micromanipulators. Reprinted (adapted) with permission from reference 30. Copyright
(2006), American Chemical Society.
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Figure 2.
Systems for droplet docking and storage: a) in-flow docking systems with by-pass traps
(Reprinted (adapted) with permission from reference 40. Copyright (2009) Wiley-VCH
Verlag GmbH & Co.) and b) docking by vertical posts (Reprinted (adapted) with permission
from reference 39. Copyright (2006) American Chemical Society), c) droplet storage in side
wells (Reprinted (adapted) with permission from reference 42. Copyright (2007) American
Chemical Society) and d) top wells (Reprinted (adapted) with permission from reference 43.
Copyright (2009) American Chemical Society), e) droplet immobilization (Adapted with
permission from reference 44. Copyright 2009), and f) storage in large open reservoirs
(Adapted with permission from references 45, 46. Copyright 2011).
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Figure 3.
a) SlipChip (Reprinted (adapted) with permission from reference 48. Copyright (2010)
American Chemical Society) and b) SD Chip (Reprinted (adapted) with permission from
reference 49. Copyright (2010) American Chemical Society).
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Figure 4.
a) ddPCR in a commercial format available from Bio-RAD Laboratories. Reprinted
(adapted) with permission from reference 54. Copyright (2011) American Chemical Society.
b) Multiplex dPCR with a large dynamic range in a SlipChip (Reprinted (adapted with
permission from reference 57. Copyright (2011) American Chemical Society) and c) digital
loop-mediated DNA amplification (dLAMP) in a SD chip 50. (Reproduced by permission of
The Royal Society of Chemistry).
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